Background and objectives: Functional hyperemia, or neurovascular coupling, is the highly coordinated increase in cerebral blood flow (CBF) seen in areas of increased neuronal activity. Evidence suggests that the perfusion response is driven by the afferents to the target areas and, more importantly, by their local processing. The exact mechanisms by which this occurs, however, as well as the cell types and messengers involved, are still poorly understood. The cholinergic system is involved in many brain functions from memory to attention and arousal, and increasing acetylcholine (ACh) levels through basal forebrain (BF) stimulation leads to cortical activation. Particularly, increased cortical ACh broadens somatosensory cortex receptive fields and uncovers hidden ones (Lamour et al, J Neurophysiol 1988;60:725-50), while reduced ACh levels after BF lesion decreases sensory stimulus-dependent plasticity and whisker stimulation-evoked functional activity (Juliano et al, PNAS 1991;88:780-4; Jacobs et al, Brain Res 1991; 560:342-5), suggesting that cholinergic tone modulates thalamocortical sensory information processing. Here, we further investigated this role using CBF as an index of neurovascular coupling and c-Fos immunohistochemistry to identify the cellular basis of the modulation. Methods: Endogenous brain ACh levels were increased with the ACh-enhancing drug linopirdine (10 mg/kg, intraperitoneal), or decreased via intracerebroventricular injection of the selective cholinotoxin saporin (4 mg/2 mL). In all experiments, the whisker-to-barrel cortex pathway was used as a model of sensory input-induced CBF increase. Whiskers were mechanically stimulated and CBF was monitored by Laser Doppler flowmetry in urethane-anesthetized rats. Brains were then perfused and stained for neuronal activation using single (c-Fos alone) or double immunohistochemistry for c-Fos and markers of pyramidal cells or different GABA interneuron subtypes.
Background and objectives: Functional hyperemia, or neurovascular coupling, is the highly coordinated increase in cerebral blood flow (CBF) seen in areas of increased neuronal activity. Evidence suggests that the perfusion response is driven by the afferents to the target areas and, more importantly, by their local processing. The exact mechanisms by which this occurs, however, as well as the cell types and messengers involved, are still poorly understood. The cholinergic system is involved in many brain functions from memory to attention and arousal, and increasing acetylcholine (ACh) levels through basal forebrain (BF) stimulation leads to cortical activation. Particularly, increased cortical ACh broadens somatosensory cortex receptive fields and uncovers hidden ones (Lamour et al, J Neurophysiol 1988;60:725-50), while reduced ACh levels after BF lesion decreases sensory stimulus-dependent plasticity and whisker stimulation-evoked functional activity (Juliano et al, PNAS 1991;88:780-4; Jacobs et al, Brain Res 1991; 560:342-5), suggesting that cholinergic tone modulates thalamocortical sensory information processing. Here, we further investigated this role using CBF as an index of neurovascular coupling and c-Fos immunohistochemistry to identify the cellular basis of the modulation. Methods: Endogenous brain ACh levels were increased with the ACh-enhancing drug linopirdine (10 mg/kg, intraperitoneal), or decreased via intracerebroventricular injection of the selective cholinotoxin saporin (4 mg/2 mL). In all experiments, the whisker-to-barrel cortex pathway was used as a model of sensory input-induced CBF increase. Whiskers were mechanically stimulated and CBF was monitored by Laser Doppler flowmetry in urethane-anesthetized rats. Brains were then perfused and stained for neuronal activation using single (c-Fos alone) or double immunohistochemistry for c-Fos and markers of pyramidal cells or different GABA interneuron subtypes. Results: Saporin treatment decreased cholinergic afferents to the cortex and decreased the CBF response to whisker stimulation (À27.8% ± 1.7%, P < 0.001, n = 18); this was accompanied by a decrease in stimulus-induced neuronal activation in the barrel cortex as detected with c-Fos immunostaining. In contrast, ACh increase via linopirdine treatment increased the CBF response to whisker stimulation ( + 30.8% ± 1.9%, P < 0.001, n = 6) without clearly altering the extent of c-Fos activation in the barrel cortex. Instead, a shift in the types of interneurons activated in specific layers of the somatosensory cortex seemed to occur. Conclusions: Our results clearly support a role for ACh in the modulation of sensory input to the somatosensory cortex, showing that enhancing or decreasing cortical ACh neurotransmission had a direct impact on the neurovascular coupling response to thalamocortical afferent activation. Further, they suggest that this modulation may be due, in part, to a shift in the neuronal networks activated by the incoming stimuli, although a direct effect of ACh on neuronal electrical activity cannot be ruled out. These studies provide important insight into the modulation of sensory information processing by ACh. In addition, they may be of relevance to neurodegenerative conditions such as Alzheimer's disease, where a cholinergic deficit is observed, selected groups of interneurons are affected and neurovascular coupling is impaired.
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In vivo pial arteriolar regulation associated with ATP hydrolysis in the rat
Objectives: ATP and adenosine (ADO) have been shown to have important roles in intercellular communication both in physiological and pathophysiological conditions. Furthermore, ATP has been linked to neural activity-induced vasodilation. Whether that vascular response relates to ATP itself, via interactions with purinergic P2 receptors, or is more closely linked to products of ATP hydrolysis, like ADO (and interactions with purinergic P1 receptors), is not precisely known. In the present study, we tested the hypothesis that extracellular ATP elicits vasodilation primarily via its rapid conversion to ADO. Methods: We assessed vascular effects of exogenous ATP or ADO, topically applied through a closed cranial window, by measuring pial arterial dilation in the absence and presence of the ecto-5 0 -nucleotidase (e-N) inhibitor a,b-methylene ADP (AOPCP) or the selective ADO A 2A receptor blocker, ZM241385. ATP induced a dose-dependent dilation of pial arterioles (14% and 27% at 1 and 10 mmol/L, respectively). Those dilations could be reduced to 2% and 10% in the presence of ZM241385 (10 mmol/L). When co-applied with AOPCP (300 mmol/L), ATP (1 and 10 mmol/L) elicited only 3% and 13% dilations, respectively. On the other hand, ADO elicited 15% and 32% pial arteriolar dilation at 10 and 100 mmol/L, but, when suffused with ZM241385, the dilation was completely blocked. Conversely, as expected, AOPCP did not interfere with ADO-induced pial arteriolar dilation.
Discussion: In the present study, we showed that ATP acts to dilate pial arterioles mainly in the form of ADO. Upon the conversion of ATP to AMP, via ecto-nucleotide pyrophosphatase phosphodiesterase (e-NPP), e-N removes a P i to produce ADO, which, in turn, dilates vessels through ADO A 2A receptors. This cascade can be effectively blocked either by inhibiting e-N with AOPCP or the ADO A 2A receptor with ZM241385. The specificity of ZM241385 was proven by its ability to completely block ADO dilatory responses. Similarly, the specificity of AOPCP was demonstrated by the lack of any effect on ADO-induced dilation. As a further indication of the primacy of the ecto-pyrophosphatase (i.e., ectodiphosphohydrolase; apyrase) pathway, over ectomonophosphohydrolase activity (i.e., ATP-ADP-AMP), we previously reported that ADP-induced pial arteriolar dilation was unaffected by ADO receptor blockade with 8-sulfophenyltheophylline. 1 This indicates that comparatively little ADP is formed from ATP extracellularly. Conclusions: These data suggest that ADO is the major mediator of ATP-induced pial arteriolar dilation in vivo in rats. Introduction: Neuronal activation leads to an increase in regional cerebral blood flow (rCBF) and blood oxygenation (rCBO). Several mechanisms of oxygen metabolism induced delivery of vasoactive substances have been discussed to couple neuronal activity and metabolism to blood flow in the brain. It was suggested that during cellular activity oxygen consumption locally increases which causes deoxygenation of hemoglobin and release of nitric oxide . According to these elegant models of combined oxygen and vasodilator release, blood flow would be directly matched to tissue oxygen demands.
Methods:
We measured rCBF and rCBO responses to increased neuronal activity induced by functional stimulation or cortical spreading depression (CSD) under hyperbaric hyperoxygenation (3 or 4 ATA, FiO2 1.0) in the anesthetized rat. During hyperbaric hyperoxygenation oxygen supply to tissue is entirely provided through physically dissolved oxygen and no deoxygenation of hemoglobin occurs. Laser Doppler flowmetry combined with optical microfiber-spectroscopy was performed using a cranial window preparation (dura mater intact) in rats to measure relative changes in rCBF (functional activation, CSD) and rCBO (functional activation). Averaged rCBF and rCBO responses to electrical forepaw stimulation (3 Hz, 16 s stimulation period; 3ATA: n = 8; 4ATA: n = 5) or CSD (only LDF, elicited by 160 to 180 mmol/L potassium at a small remote burr hole; 3ATA:n = 6; 4ATA: n = 5) were recorded under normobaric normoxia and compared with responses during hyperbaric hyperoxygenation at 3 or 4 ATA. Neuronal activity was measured by recording somatosensory evoked potentials (functional activation study) or direct current potentials (CSD study). Results: Hyperbaric hyperoxygenation increased arterial pO2 to > 2000 mm Hg and cerebral hemoglobin saturation within the microcirculation to 100%. Resting blood flow as well as functional activation-or CSD-induced neuronal activity did not change compared to baseline conditions at normobaric normoxia. During forepaw stimulation, the deoxy-Hb decrease normally occurring during functional activation disappeared. The rCBF responses to functional activation as well as to CSD did not change under hyperbaric hyperoxygenation compared with control responses under baseline conditions. Discussion: Our results suggest that rCBF regulation during physiological neuronal activation as well as during the much stronger metabolic stimulus of CSD involves other mechanisms than oxygen metabolismdependent delivery and release of vasoactive mediators during deoxygenation of hemoglobin. Results: Independent stimulation of forepaw or whisker or visual activated the contralateral S1 FL or S1 BF or V1 regions. Our results demonstrate reproducible thalamus and superior colliculus activity during forepaw, whisker, and visual stimuli in rats. Forepaw stimulation activates the medial portions of the laterodorsal (LD) thalamic nucleus. Whisker stimulation activates broader regions within the thalamus: a small caudal part of the lateral thalamic nucleus, the dorsal and medial parts of the lateral geniculate nucleus, and small portions of the dentate gyrus. Visual stimulation activates superior colliculus and lateral geniculate nucleus quite robustly and even parts of the periaqueductal gray. The stimulation frequencies used for forepaw, whisker and visual stimuli were 3, 8 and 8 Hz respectively. Cortical BOLD responses were significantly larger as compared to the thalamic responses during forepaw and whisker stimulation. However, we found no differences in the BOLD response in cortical and superior colliculus during visual stimulation. Conclusion: We can apply high field fMRI (high S/N ratio) to study thalamo-cortical, colliculocortical, thalamo-colliculor as well as their reciprocal interactions with crossmodal sensory mixing. The three regions in the cortex represent the primary areas activated during tactile (somatosensory; S1 FL , S1 BF ) and non-tactile (visual; V1) stimuli, which are connected to the subcortex (thalamus and superior colliculus, respectively). These results have significance in understanding the role of both cortical and subcortical areas during multisensory integration. Acknowledgements: Supported by grants from NIH (R01 MH-067528, R01 DC-003710, P30 NS-52519). . This dilated compartment stores CBV locally. After constriction of the feeding arterioles, this local CBV storage deoxygenates. We addressed these hypotheses by studying the effect of elevated intracranial pressure (ICP) on neurovascular coupling. Methods: In anesthetized Wistar rats, a plastic catheter was positioned inside the cisterna magna. Over the somatosensory cortex, a closed cranial window was implanted. Using laser Doppler flowmetry and optical spectroscopy, CBF, deoxy-Hb, CBV and CMRO2 were measured, interleaved by blocks of 30 s of electrical forepaw stimulation (monitored by somatosensory evoked potentials). In between stimulation blocks, intracranial pressure was adjusted to four different levels (3.5, 7, 14, and 28 mm Hg) by infusion of artificial cerebro-spinal fluid.
Cortical and sub-cortical activations in rat brain by fMRI
Results: During ICP elevation, the amplitude of the deoxy-Hb post stimulus overshoot (correlate of the BOLD post-stimulus undershoot) was reduced and close to zero. Surprisingly, elevated ICP also reduced deoxy-Hb decrease during activation. At an ICP of 28 mm Hg the deoxy-Hb signal was even reversed. Time courses of CBF and CBV showed a trend towards less mismatch in the post-stimulus period (CBF returning to baseline values faster than CBV). CMRO2 in the post stimulus period was not elevated. Conclusions: Our data shows that the deoxy-Hb post stimulus overshoot is caused by a passively occuring flow-volume mismatch rather than by metabolic afterload or neuronal inhibition. In addition, elevated ICP impaired, and even reversed the activityinduced deoxy-Hb decrease. Therefore, BOLD-fMRI might not be a reliable brain mapping method in states of ICP elevation. 
A mathematical model of the neurovascular coupling suggesting both vasodilation and vasoconstriction

